InTRoDucTIon
For any complex organism, the successful control of behaviour requires the ability to quickly detect potentially relevant changes in the environment, and to adjust ongoing motor processes in response to these changes. These fast and usually small-scale modifications are generally assumed to be 'automatic' (i.e., independent of online intentional or top-down control), because they will be elicited a) even by response-irrelevant stimuli or stimulus features, and b) even when they are detrimental to the current behavioural goals.
For example, in the Erikson flanker task, behavioural and electrophysiological evidence indicates that once the required stimulus-response mappings have been established, motor activation is not only triggered by the response-relevant central target stimulus, but also by the response-irrelevant flanking distractor stimuli (e.g., Smid, Mulder, & Mulder, 1990) . If these flankers indicate a different response than the target (e.g., if the target requires a left-hand response, but the flanking stimuli are associated with a right-hand response), then a response conflict results, which will increase reaction times (RTs) and error rates.
This might suggest that such automatic response activations are generally disadvantageous and should be suppressed at all costs -however, we need to keep in mind that the flanker task and similar experimental paradigms represent highly artificial situations in that the response-relevant and -irrelevant stimuli are always defined in advance (e.g., via their spatial location). In a natural environment, in contrast, every stimulus is potentially response relevant and thus should be given access to the motor system. Obviously, though, even in a natural environment not all stimuli do, in fact, require an overt response. Consequently, control mechanisms need to be in place to ensure that behavioural modifications remain in line with the overall behavioural goals.
Such control mechanisms have traditionally been
http://www.ac-psych.org Friederike Schlaghecken, Laura Rowley, Sukhdev Sembi, Rachel Simmons, and Daniel Whitcomb regarded as 'voluntary,' 'top-down,' or 'goal-driven' (as opposed to the initial 'involuntary, ' 'bottom-up,' or 'stimulus-driven' motor activation), or in other words, as 'controlled' as opposed to 'automatic' (e.g., Band & van Boxtel, 1999) . However, these distinctions are far less clear-cut than one might expect -after all, provided that we do not wish to invoke the notion of a 'homunculus' in the brain, even the most high-level control functions have to be instantiated by automatic neural processes (for a recent discussion of these issues, see, e.g., Hommel, 2007) .
The masked prime paradigm has been used to directly investigate such 'automatic control.' In a typical task, a briefly presented prime stimulus is followed by a mask, which in turn is followed by the task-relevant target stimulus. On any given trial, the prime might be a stimulus associated with the same response as the subsequent target (compatible trial), a stimulus associated with the opposite response (incompatible trial), or a stimulus not associated with any response at all (neutral trial). Although the prime might remain below the observer's threshold of conscious perception due to its brief presentation and subsequent masking, it can nevertheless trigger an activation of its corresponding motor response, as evidenced by electrophysiological and haemodynamic measures (e.g., Dehaene et al., 1998; Eimer, 1999; Eimer & Schlaghecken, 1998; Leuthold & Kopp, 1998) . If motor activation in response to the target occurs while the prime-induced activity is still present, then this will result in positive compatibility effects (PCEs) with behavioural benefits on compatible and costs on incompatible trials relative to neutral trials (e.g., Aron et al., 2003; Dehaene et al., 1998; Eimer, 1999; Schlaghecken & Eimer, 1997 Seiss & Praamstra, 2004) . However, if motor activation in response to the target occurs later, then the reverse pattern is observed, that is, negative compatibility effects (NCEs) with behavioural benefits on incompatible trials and costs on compatible trials relative to neutral trials occur (e.g., Aron et al., 2003; Eimer, 1999; Klapp & Haas, 2005; Klapp & Hinkley, 2002; Lingnau & Vorberg, 2005; Schlaghecken & Eimer, 1997 .
We have argued that this latter effect reflects a low-level and automatic process of inhibitory motor control , which acts as an 'emergency brake' mechanism to stop early motor activations that are no longer supported by sensory evidence from affecting overt motor output.
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ExpERImEnT 1: non-ARRoW pRImES AnD TARgETS
This experiment aimed to confirm that NCEs can be obtained with non-arrow stimuli. In most previous experiments, primes and targets have been arrows or arrowlike stimuli (e.g., '<<' or '<>'), and it has been argued that arrows are 'special' in MP situations (Jaśkowski & Ślósarek, 2007; Verleger et al., 2004; Verleger, Görgen, & Jaśkowski, 2005) . Although NCEs have also been found with non-arrow primes and targets, most of these stimuli consisted of intersecting straight lines of different relative position or orientation (e.g., Eimer, 1999; Verleger et al., 2005) . Moreover, the corresponding masking stimuli also consisted of intersecting straight lines, thus potentially containing task-relevant features. If these features would trigger a response opposite to the primed response, then this process -rather than low-level motor inhibition -could give rise to NCEs (Lleras & Enns, 2004; Verleger et al., 2004) . Although at present the evidence suggests that NCEs do in fact reflect self-inhibition of motor responses triggered by successfully masked primes (Klapp, 2005; Sumner, in press ), the question remains whether NCEs can be obtained with a different type of stimulus.
The present experiment employed circles with a small gap on either the left or right side as prime and target stimuli (inspired by Di Lollo, Enns, & Rensink, 2000) , to which participants had to make a corresponding left-or right-hand response. The mask consisted of an array of interlinked complete circles. These stimuli differ from arrow primes and targets and from their corresponding pattern masks in three important respects. First, they differ at the feature level, as they are not composed of intersecting straight lines.
1 Second, unlike directional arrows, they are not over-learned indicators of left and right responses. Finally, the mask does not contain the response-relevant feature (i.e., the 'gap'). Finding NCEs with these stimuli would thus strengthen the argument that NCEs reflect a general phenomenon in motor control. In order to obtain an estimate of the masked primes' visibility, and thus to facilitate comparability of the present and previous studies, the experiment also included a forced choice prime identification task. 
Stimuli and apparatus
Primes and targets were single circles with a diameter of 0.75° of visual angle. Target The MP part began with a 24-trial practice block, followed by 12 blocks of 60 trials each. Each trial began with the presentation of a prime circle, followed immediately by the mask for 100 ms. After mask offset, the screen remained blank for 50 ms, then a target was presented for 100 ms (see Figure 1 ). Prime duration was 17, 33, or 50 ms in groups A, B, or C, respectively, and 50 ms in group D. Primes were either compatible with the target (same-side gap), incompatible (opposite-side gap), or neutral (complete circles).
Inter-trial-interval (ITI) was 1,650 ms. Participants were instructed to make a speeded left-or right-hand response to a gap on the left or right side of the target circle, respectively. Left and right targets, and compatible, incompatible, and neutral trials were randomized and appeared with equal probability in each block.
http://www.ac-psych.org Friederike Schlaghecken, Laura Rowley, Sukhdev Sembi, Rachel Simmons, and Daniel Whitcomb The FC part began with a 14-trial practice block, followed by one 60-trial block. Primes were presented for 17, 33, 50, 67, 83, or 100 ms and immediately followed by a 100-ms mask. No target stimuli were presented. 2 Participants were instructed to respond to the primes in the same way they had responded to the targets in the MP part of the experiment (i.e., left-and right-hand responses to a gap on the left and right, respectively -consequently, no neutral primes were employed). They were informed that response speed was unimportant in this block, and that they should simply guess if they felt that they could not make an informed choice.
Data analysis
Repeated measures analyses of variance (ANOVAs) were computed on correct RTs and error rates for the between-subject factor Group (A -17 ms, B -33 ms, and C -50 ms prime duration) and the within-subject Figure 3 ).
Error rates in the MP task showed the same basic pattern as RTs. Although there was no significant main effect or interaction with error rates, all Fs < 2.3, all ps > .12, follow-up ANOVAs for the separate groups again revealed a significant NCE for group C, F(1, 18) = 4.64, MSE = 0.91, p = .024, and no priming effects for the other two groups, both Fs < 1.
As expected, the additional 50-ms group D showed the same pattern of priming effects as group C, with NCEs that were significant for RTs, F(2, 14) = 12.38, MSE = 31.69, p = .003, one-tailed, and approached significance for error rates, F(2, 14) = 2.29, MSE = 2.59, p = .085, one-tailed.
Discussion
The present results demonstrate that NCEs can be obtained with non-arrow primes and targets, and with masks that do not contain the response-relevant feature. However, the presentation conditions necessary to elicit NCEs with these stimuli differed from those of standard (arrow-based) MP experiments: NCEs occurred only when prime duration was 50 ms, which produced clearly above-chance identification performance, whereas with shorter durations (as employed in standard MP tasks), no reliable priming effects were obtained. In other words, a markedly higher perceptual strength was required for circle-primes compared with arrow-primes to elicit NCEs. 3 Within the inhibition-threshold model developed by Schlaghecken and Eimer (2002) , this might be taken as evidence that the low-level motor activation triggered by a gap in a circle is weaker than the activation triggered by an arrow: In this case, more sensory input would be needed to build up activation levels strong enough to require self-inhibition when the supporting sensory evidence is suddenly removed. However, although it might be plausible to assume that an over-learned arrow prime triggers strong activations more quickly than the present stimuli, this hypothesis must remain purely speculative, as there is as yet no way to independently assess the strength of low-level motor activation. Furthermore, it might be possible that instead of indicating conscious prime perception, the identification levels with 50-ms stimuli were due to direct motor priming effects (i.e., to the activation of the correct motor response by the masked prime).
This issue will be discussed in more detail below (Experiments 2 and 3). Participants in the two 50-ms groups, in contrast, did not encounter 33-ms (or shorter) primes in the MP task, and thus had no opportunity for perceptual learning of these primes. Consequently, they only identified longer-duration primes with more than chance accuracy in the FC task. Again, this reasoning has to remain speculative at present. Future studies will be needed to investigate such systematic carryover effects in detail.
ExpERImEnT 2: IRRELEvAnT mASkS AnD non-cEnTRAL TARgETS
As noted in the Introduction, it has been argued that the NCE does not result from low-level motor inhibition, but merely reflects activation of the motor response opposite to the prime. More specifically, Verleger et al. (2004) argue that direct perceptual interactions between prime and mask trigger the opposite response, whereas Lleras and Enns (2004) suggest that in a continuous process of perceptual object updating, the most recent updates before target onset will be those of the mask's potentially response-relevant features that are opposite to the prime, thus preparing the system to respond best to a stimulus containing these features. Importantly, a crucial requirement of both these models is that the mask contains potentially response-relevant features. Recently, Klapp (2005) and Schlaghecken and Eimer (2006) provided evidence that reliable NCEs can be obtained even when this is not the case. However, in their reply to Schlaghecken and Eimer (2006) , Lleras and Enns (2006) argue that these findings still fail to support the notion of lowlevel motor self-inhibition, because primes, masks and targets were all presented at fixation. Instead, they propose that in addition to object updating (which In order to investigate this issue, we employed a 'flicker mask' procedure, which has been found to result in relatively (though not perfectly) effective masking with irrelevant masks .
Masked primes were presented at fixation, and targets were presented either centrally or non-centrally.
According to the self-inhibition account of masked cluded from further analysis because of excessive error rates (more than 10% errors in the masked prime task), and two further participants were excluded because they correctly identified more than 90% of the 33-ms primes in the FC task.
Stimuli and apparatus
Primes and targets were left-and right-pointing Figure 4 . Each trial consisted of a 33-ms prime, immediately followed by a 50-ms mask, which in turn was followed immediately by a second 50-ms mask ('flicker mask'). Fifty ms after offset of the second mask, a target was presented for 100 ms. Primes and masks were presented at fixation, targets were presented at fixation, 2° above fixation, or 2° below fixation.
ITI was 1,300 ms. On compatible trials, prime and target arrows pointed in the same direction. On incompatible trials, they pointed in opposite directions. All conditions (3 target positions x 2 compatibility levels)
were equiprobable and randomized within each block.
Participants were instructed to respond as quickly and accurately as possible with a left or right key press to left-pointing and right-pointing target arrows, respectively.
In the FC part, each trial consisted of a left-or rightpointing prime arrow, presented randomly and with equal probability for 17, 33, 50, or 67 ms, immediately followed by a flicker mask. No subsequent targets were presented, and ITI was 1,300 ms. Participants were instructed to press the key corresponding to the prime arrow's direction, and to make a guess if they could not identify the prime clearly.
Data analysis
Repeated measures analyses of variance (ANOVAs) were computed on the percentage of correct responses . In the present experiment, however, the mask corresponded to Lleras and Enns' (2004 , 2005 irrelevant mask -that is, it only contained horizontal and vertical, but no diagonal lines, and thus should have been unable to facilitate object updating-induced NCEs, suggesting that there is another factor -possibly mask effectiveness -contributing to these effects.
Reaction times (lines) and error rates (bars) in Experiment
It has to be noted, though, that in the present experiment -as in Experiment 1 -prime identification performance indicated that NCEs were obtained with primes that were clearly above the threshold of conscious perception (68 -73% correct identifications on average). This contrasts with earlier findings showing that with identification levels of more than approximately 66%, NCEs begin to turn into PCEs , suggesting a close link between the absence of conscious prime perception and the presence of NCEs (see also Klapp & Hinkley, 2002) .
However, those experiments differed from the present ones in one important aspect, as they used a staircase procedure to determine identification levels (i.e., after a correct response, prime identification on the next trial was made more difficult, after an incorrect response, it was made easier). The present experiments, in contrast, used a simple forced choice procedure. It might be argued that the former promotes a more careful response mode, whereas the latter promotes more spontaneous reactions, which therefore might be more susceptible to direct response priming effects.
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In this case, performance levels in the present experiments would systematically overestimate the actual level of prime identification and hence the primes' perceptual strength.
On the basis of the present data, it is not possible to decide which of the two factors -target presentation or mask effectiveness -might be responsible for the difference between the present results and those reported by Lleras and Enns (2006) . However, the self-inhibition account and the object-updating-plusonset-triggered-suppression account make opposite predictions about the relative importance of these two factors: According to the former, mask effectiveness should affect priming effects, whereas target location should be largely irrelevant. According to the latter, the reverse should be true -priming effects should be independent of mask effectiveness, but NCEs should disappear when the mask is both geometrically and spatially dissimilar to the target. The following experiment was conducted to test these predictions.
ExpERImEnT 3: moRE IRRELEvAnT mASkS AnD non-cEnTRAL TARgETS
In this experiment, no targets were presented at fixation, while other aspects of Experiment 2 were maintained. In particular, the same masking procedure and type of mask were employed as in the previous experiment. According to the self-inhibition account, NCEs should be obtained under these conditions. The updating-plus-onset-triggered-suppression account, in contrast, predicts PCEs.
A further difference between this experiment and the preceding one was an alteration in the FC procedure: In order to encourage a slower, less spontaneous response mode, the mask in the FC task was 
Stimuli and apparatus
These were identical to Experiment 2.
Procedure
The procedure was similar to Experiment 2, with the following exceptions: a) no central targets were presented; b) block length was reduced to 40 trials each (without central targets, it was possible to reduce the number of trials by one third relative to Experiment 2); and c) in the FC task, the mask was followed after a 50-ms delay by two question marks (appearing at the same positions as the targets in the MP task), which remained on the screen until a response was given.
Participants were instructed to respond only once the question marks had appeared.
Data analyses
For the FC data, the same analyses were carried out as in Experiment 2. RTs and error rates on compatible and incompatible trials in the masked prime task were compared using paired t-tests.
Results
As expected, prime identification performance ( Figure 7 ) increased with increasing prime duration, F(3, 27) = 10.76, MSE = 162.96, p = .001. Importantly, however, identification performance was significantly above chance only for 50-and 67-ms primes, t(9) = 2.77, p = .022, and t(9) = 6.71, p < .001, respectively, but not for 17-and 33-ms primes, both ts < 1.7, both ps > .13. Reaction times were significantly shorter and error rates significantly lower on incompatible trials relative to compatible trials, t(9) = 3.01, p = .015 and t(9) = 2.47, p = .035, respectively ( Figure 8 ).
Discussion
The present experiment aimed to recreate Lleras http://www.ac-psych.org 2004) . However, the present results strongly suggest that there is an additional inhibitory process in masked priming which is independent of these factors (i.e., lowlevel self-inhibition).
A further aim of this experiment was to investigate whether the relatively high identification performance in the previous two experiments might have been due to direct motor priming. By preventing participants from responding too quickly, identification performance for short-duration primes was indeed found to be dramatically reduced and no longer significantly different from chance. In contrast, identification performance for long-duration primes remained above chance level (though performance levels for 50-ms primes -but not for 67-ms primes -still appeared reduced in the present experiment relative to Experiment 2).
This suggests that performance levels for the longest primes might reflect processes different from those that determine performance levels for shorter primes.
These results are in line with the assumption that performance with short-duration primes is at least in part determined by direct motor priming, whereas performance with long-duration primes in Experiments 1 and 2 actually reflects conscious prime identification.
gEnERAL DIScuSSIon
A current debate in the masked priming literature concerns the question whether NCEs -shorter RTs and lower error rates on incompatible relative to compatible trials -reflect a self-inhibition mechanism in low-level motor control, or whether they are ultimately triggered by the mask, provided this stimulus is sufficiently similar to primes and targets with respect to geometrical, spatial, and/or temporal features. In previous studies, NCEs were obtained when masking stimuli met at least two of these three criteria, whereas only PCEs -shorter
RTs and lower error rates on compatible relative to incompatible trials (i.e., 'normal' priming effects) -were obtained when this was not the case (e.g., Jaśkowski Thus in our view, the mask-induced NCE account and the self-inhibition NCE account are not mutually exclusive, but simply describe different processes that result in the same observable effect (the same argument has also been made by Klapp, 2005) . Interestingly, though, it seems that some proponents of mask-induced NCE-accounts disagree with this view, arguing that no low-level self-inhibition processes are involved at all (e.g., Jaśkowski & Przekoracka-Krawczyk, 2005; Lleras & Enns, 2006) . This might point to an important theoretical difference between these two approaches regarding the question whether inhibitory control is possible even at low, 'automatic' processing levels, or whether it always requires higher-level executive commands. Given that opponent processing -the mechanism assumed to mediate self-inhibition 2002) -appears to be a general processing principle of the central nervous system from perceptual input to motor output (e.g., Hurvich & Jameson, 1974; Levine & Leven, 1991; Pearson, 1993; Pribe, Grossberg, & Cohen, 1997) , it seems reasonable to assume that this principle characterizes low-level perceptuo-motor control processes as well. On the other hand, however, it has frequently been argued that inhibitory control is a typical higher-level cognitive control function of central executive processes mediated by the prefrontal cortex Friederike Schlaghecken, Laura Rowley, Sukhdev Sembi, Rachel Simmons, and Daniel Whitcomb (e.g., Band & van Boxtel, 1999; Faw, 2003) . In line with this reasoning, evidence has been provided that inhibitory control is available only with supraliminally presented stimuli, but not with subliminally presented stimuli (e.g., Allport, Tipper, & Chmiel, 1985; Marcel, 1980; McCormick, 1997; Merikle, Joordens, & Stolz, 1995; Neill, Valdes, & Terry, 1995; Tsushima, Sasaki, & Watanabe, 2006) . In fact, the NCE obtained with subliminal or near-threshold primes appears to be the only example where this general relationship does not hold, suggesting that this effect is either highly unusual, or simply not what it seems (i.e., not due to low-level inhibition).
However, we would like to argue that there is a third possibility. Recently, the argument has gained new momentum that the dichotomy between 'low-level'
'automatic' processes on the one hand and 'high-level'
'controlled' processes on the other is misleading (see, e.g., Hommel, 2007) . In fact, common sense suggests that processes that appear to be 'high-level' do in fact have to be instantiated by 'low-level' mechanisms if the homunculus fallacy is to be avoided. In this context it is important to reiterate that the self-inhibition account does not make any claims about the role of participants' conscious awareness of the prime. In fact, the perceptual learning study mentioned in the Discussion of Experiment 1 (Schlaghecken et al., in press) found that although training drastically improved both FC prime identification performance and subjective prime awareness, it had no effect on NCEs triggered by the masked primes. This strongly indicates that the physical characteristics of primes and masks, but not the presence or absence of conscious prime perception itself, determine the direction of priming effects.
If this is the case, however, it also means that performance in FC tasks can only be used to roughly estimate the influence of prime and mask on the motor system. Obviously, this comes dangerously close to the possibility of an 'unfalsifiable' argument (see also Lleras & Enns, 2006) : When NCEs are obtained in a standard MP task, then it is assumed that the prime triggered a strong initial activation and that the mask was effective in rapidly removing the sensory evidence from the motor system. When no NCEs are obtained in this paradigm, then either the mask was ineffective, or the prime-induced activation was too weak to warrant self-inhibition. In other words, any outcome can be explained by making certain post-hoc assumptions about primes and masks. If FC prime identification or detection performance is not a suitable measure of the prime's impact on the motor system -and we argue that it is not -then this problem can not be solved without an additional, independent measure of lowlevel motor activity. Future studies will have to address this issue in order to clarify the nature of the NCE and to investigate the possibility of low-level inhibitory perceptuo-motor control.
Notes
1 In an earlier experiment, one of the prime/target stimuli had consisted of two small circles (Eimer & Schlaghecken, 1998, Exp. 2, Discussion) . However, the alternative prime/target was a plus-sign, and no stimulus-specific analyses were conducted. Thus one might still argue that priming effects were only driven by the processing of straight-line configurations.
2 Previous research (Schlaghecken & Eimer, 1997) indicated that using the same trial structure in the FC task as in the priming task (i.e., presenting a target after the mask) makes it virtually impossible for participants to respond to the prime. Similarly, not including longer prime durations, where participants feel that they have a chance to give a correct response, and having large numbers of trials, both tend to undermine participants' motivation to stay on task. Therefore, these factors result in prime identification values that might systematically underestimate participants' ability to consciously perceive the primes. The present FC design -like that used in other MP studies, e.g. Schlaghecken and Eimer (2006) -aimed to minimize the impact of these factors.
3 'Perceptual strength' is used here as meaning signal strength in the perceptual system. It is assumed that a perceptually strong prime will be more likely to be consciously perceived and will also have a stronger impact on the motor system. It should be noted, however, that there is no a priori reason to assume that the former (conscious perception) is in any way causally linked to the latter (motor priming). In fact,
there is evidence to suggest that these two are independent of each other (Schlaghecken et al., in press ).
Therefore, prime identification performance in the FC task and motor priming effects in the masked prime task are likely to co-vary, but should not be regarded as being causally linked.
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